Abstract: Lava has complex geochemical characteristics based on differences in eruption centers, eruptive events, and flow emplacement. Characterization of lava is useful for understanding the geological conditions of a volcanic region. To complement geochemical methods, rock magnetic methods are being used to analyze lava. To explore the potential uses of rock magnetic methods for lava characterization, a series of magnetic measurements were completed in lava samples from eight locations in the Ijen Volcanic Complex (IVC) in Banyuwangi, East Java, Indonesia. These locations were grouped into two eruption centers: Ijen Crater and Mount Anyar. The magnetic measurements included frequency-dependent magnetic susceptibility, thermomagnetic, anhysteretic remanent magnetization (ARM), isothermal remanent magnetization (IRM), and hysteresis curve analyses. These measurements were supplemented using X-ray fluorescence, petrography analyses, and Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS). Based on their lithology, lava samples were categorized into basalt, basaltic andesite, and basaltic trachyandesite. The dominant magnetic mineral contained in the sample was iron-rich titanomagnetite and titanium-rich titanomagnetite with a magnetic pseudo-single-domain and small amounts of superparamagnetic grain minerals in some samples. The significant difference in mass specific susceptibility (χ LF ) is caused by differences in the crystallization process. The differences in susceptibility frequency dependence (χ FD ) highlighted the differences in the magma cooling rate, demonstrated by the differences in the percentage of opaque mineral groundmass. The rock magnetic method was proven to support the geochemistry and petrography methods used to characterize lava and identify the causes of differences in lava characteristics.
Introduction
Lava has complex characteristics, both vertically and laterally, based on differences in the eruption center, distance of lava outcrop from the eruption center, eruptive events, or the crystallization processes. Due to the complexity of these factors, researchers have extensively studied lava characterization [1] [2] [3] [4] [5] [6] . Identification of lava characteristics is useful for understanding the geological conditions of a volcanic region, including the magmatism process and geological history.
Lava characterization is usually conducted by analyzing geochemistry data and petrography [7] [8] [9] [10] [11] [12] . However, these methods cannot be used to accurately characterize lava in all cases, such as for the Figure 1 . The Ijen Volcanic Complex (IVC) map shows the geographical layout of the eruption centers and the distribution of the volcanic products of some eruption centers [24, 27] . Red dots show lava outcrops. Shuttle Radar Topography Mission (SRTM) satellite images were obtained from Earth Data [30] .
The Mount Ijen Tua volcanic activity produced big caldera and post caldera volcanic centers. The processes have been described by Caudron et al. [29] . Post caldera volcanic centers can be divided into two groups: Intra Caldera (IC) and Caldera Rim (CR) [27] . Ijen Crater and Mount Anyar are both included in the IC group (Figure 1 ). Ijen Crater and Mount Anyar have two lava products that are about 2590 years old, making them the youngest lava in IVC: Ijen Crater Lava Flow 3 (Il3) and Mount Anyar Lava Flow (Al) Formation [24] . Il3 consists of a basalt lithology, whereas Al is a basaltic andesite. In addition, Ijen Crater has older lava products: Lava Crater Ijen 1 (Il3) (~24,000 years ago) and Lava Crater Ijen 2 (Il2) (~9140 years ago) [24] . Lava distribution is shown in Figure 1 .
Materials and Methods
The study was conducted using nine lava samples directly obtained from Ijen Crater and Mount Anyar. Nine samples were obtained from eight different outcrops spread over two eruption centers: Ijen Crater and Mount Anyar (Figure 1 ). Five samples (IJ 1, IJ 2, IJ 3, IJ 4, and IJ 5) were products of Ijen Crater and were found along the Banyupahit River. Four other samples (ANY 1, ANY 2, ANY 3, and ANY 4) were obtained from Mount Anyar. IJ 4 and IJ 5 samples were obtained from the same outcrop, but from different lava layers. Eight outcrops were located in different locations and have different lateral distances from the eruption center. Differences in distance from the eruption center can lead to differences in lava characteristics.
Lava samples obtained from these locations were prepared for susceptibility and thermomagnetic measurements, hysteresis parameters, anhysteretic remanent magnetization (ARM), isothermal remanent magnetization (IRM), petrography, and geochemistry. A representative portion of each sample was cut to a thickness of 0.03 mm, and the thin section was analyzed with a Ci-POL polarizing microscope (Nikon, Tokyo, Japan) at the Petrographic Laboratory, Geological Engineering Program, Institut Teknologi Bandung. Identification of magnetic minerals was conducted using back scattered electron (BSE) images of gold-coated, polished thin sections, acquired with JEOL JSM IT300 Scanning Electron Microscopy (SEM) and EX-37270VUP Energy Dispersive Spectroscopy (EDS) by JEOL Ltd., Tokyo, Japan, using an accelerating voltage of 15 kV and probe current of 7.475 nA. This analysis was conducted at the SEM-EDS UPP Chevron Laboratory, Geological Engineering Program, Institut Teknologi Bandung.
A total of 10 g in each sample was crushed to a size of ≤50 µm and geochemistry measurements were performed using the Titan Handheld X-ray fluorescence (XRF) S1 by Bruker (Berlin, Germany), at the Petrology Laboratory, Geological Engineering Program, Institut Teknologi Bandung. The precision of this instrument is ±0.5%. Geochemistry element data used in this research included silicon dioxide (SiO 2 ), aluminium oxide (Al 2 O 3 ), magnesium oxide (MgO), potassium oxide (K 2 O), iron (III) oxide (Fe 2 O 3 ), phosphorus pentoxide (P 2 O 5 ), titanium dioxide (TiO 2 ), and manganese (II) oxide (MnO). The sodium oxide (Na 2 O) and Lost of Ignition (LOI) measurements were conducted at the Center Laboratory of Mineral Resources of Coal and Geothermal, Bandung, Indonesia. The sample heating during the LOI measurement was performed using a furnace, whereas Na 2 O measurements were performed using the flame photometer method.
For susceptibility, ARM, and IRM measurements, each sample was divided into three parts that were cube-shaped with volume of 1 cm 3 . Each cube-shaped sample was inserted into a cylindrical plastic holder with a diameter of 25.4 mm, a height of 22 mm, and a volume of 10 cm 3 . All measurements were performed using the tools and steps previously described [31] . The parameters obtained from susceptibility measurements were χ LF , χ HF , and χ FD [31] . ARM measurements produced ARM decay curves that show the Median Destructive Field (MDF) value. This value helps determine the size of a magnetic mineral grain and the type of magnetic domain. In IRM measurements, the magnetic field depends on the electric current. In this study, the magnetic field ranged from 0 to 700 mT. IRM measurements produced IRM saturation curves that show magnetic fields when the curve is saturated, as a basis for determining magnetic minerals contained in rocks. Susceptibility, ARM, and IRM measurements were conducted in the Characterization and Modeling Laboratory of Physical Properties of Rock, Geophysical Engineering Study Program, Institut Teknologi Bandung.
Parts of each sample were crushed to measure the hysteresis parameters using a vibrating sample magnetometer (VSM) as described in previous research [32] . VSM measurement produced hysteresis parameters (M s , M rs , H c , and H cr ) [32] . In addition, this sample was used for thermomagnetic measurements using the NMB-89 Magnetic Balance tool from Natsuhara Giken, Osaka, Japan at the Rock Magnetic Laboratory, Marine Advanced Core Research Center, Kochi University, Kochi, Japan. Table 1 shows the geochemistry data of XRF measurements of all samples. The samples used were fresh samples, indicated by LOI values of 0.08-2.56 wt % (Table 1) . Non-weathered fresh basalt has an LOI value of less than 2.64 wt % [33] . The data in Table 1 was plotted in the total alkali silica (TAS) diagram, which was the table comparing Na 2 O, K 2 O, and SiO 2 content (Figure 2a ) [34] . In addition, geochemistry data [27] were plotted as a comparison. The TAS diagram classifies volcanic rock based on geochemistry data [35] . Based on Figure 2a , the samples could be classified into three lithologies: basalt, basaltic andesite, and basaltic trachyandesite. Data obtained from a previous study [27] showed that samples from Ijen Crater and Mount Anyar had basalt, andesite, trachyandesite, and basalt trachyandesite lithologies. This difference may arise because the samples used by Handley et al. [27] were obtained from different rock formations than the samples used in this study.
Results and Discussion
The TAS diagram can also be used to find the magma series [34, 36, 37] (Figure 2b ). Based on Figure 2b , the magma characteristics in the study area are associated with an affinity series of moderate-K calc-alkaline to high-K calc-alkaline. Besides that, basalts from the study area have a titanium oxide (TiO 2 ) content less than 1.4, indicating volcanic rock that derived from a subduction system [38] . Handley et al. [27] obtained the same results.
Based on petrographic observations, the generally mineralogy of all samples is nearly identical. The phenocryst and microphenocryst predominantly contained in samples included plagioclase, pyroxene, and opaque mineral among the groundmass, which is composed of microlite plagioclase, pyroxene, opaque mineral, and glass. In addition, all samples have a vesicular cavity (porosity) that is characteristic of lava [27] . In the thin section analysis, the magnetic minerals were observed as opaque minerals [39] , which were marked by a black color, both cross nicol and parallel nicol modes (Figure 3) . Opaque minerals were found as primary minerals in all samples of phenocryst, microphenocryst, and groundmass microlites. Phenocryst is bigger than 0.5, whereas microphenocryst is between 0.125 and 0.5 mm, and groundmass is smaller than 0.125 mm. In general, opaque minerals predominantly present as microlites and often as inclusions within plagioclase and pyroxene minerals in all samples (Figure 3) . Some opaque minerals also present as a single mineral among the groundmass. IJ 2 and IJ 4 samples had a larger opaque mineral size compared to other samples (Figure 3) . Opaque minerals were mostly found in IJ2, IJ4, and ANY 1 samples (Table S1 ).
Based on SEM-EDS analysis, the types of magnetic mineral in our samples are Fe-rich titanomagnetite and Ti-rich titanomagnetite (Figure 3) . Titanomagnetite crystals are subhedral-anhedral shaped. Samples IJ 3, IJ 5, and ANY 3 have predominantly Ti-rich titanomagnetite, ranging in Ti content from 9.14 to 14.73 mass%. Some Fe-rich titanomagnetite is also found in these samples. Meanwhile, sample IJ 4 has Fe-rich titanomagnetite, with Ti content that is between 6.21 and 7.80 mass%. BSE Images (Figure 3) show that the microlites population of pyroxene, plagioclase, and titanomagnetite of IJ 3 is bigger than IJ 4. The detailed SEM-EDS analysis is explained in the (Supplementary Material Figure S4 and Table S2 . Table 2 shows the rock magnetic data for all samples. The mean values of χ LF and χ HF were 1471.53 × 10 -8 m 3 /kg and 1451.56 × 10 -8 m 3 /kg, respectively. In all samples, the mean value of χ FD was 1.47%. In general, the value of χ FD of all samples was less than 2%, indicating that the sample does not contain superparamagnetic grains (SP) [40] . The values of χ FD between 2 and 10%, as in IJ 5, ANY 1, and ANY 4 samples, show that a mixture of SP and non-SP magnetic minerals was present, with a more dominant non-SP grain composition [40] . Figure 4a shows the IRM saturation curves of IJ 2 and ANY 2. These saturation curves were saturated in a field of 150 and 340 mT. The saturation curves of the other samples were saturated in a field of 140-400 mT (Table 2 ). These results indicate that the magnetic minerals contained in the sample were predominately Fe-rich titanomagnetite and Ti-rich titanomagnetite series [32, 41, 42] . Figure 5 shows the thermomagnetic curve of some samples. Determination of Curie temperature (Tc) through a thermomagnetic curve was previously explained [43] . Thermomagnetic curves of IJ 3, IJ 5, and ANY 3 show multiple Tc. These results show that the samples have two phases of magnetic minerals. The presence of magnetite mineral (Fe-rich titanomagnetite) in the samples is supported by the high Tc (472-544 • C), whereas the presence of Ti-rich titanomagnetite is supported by the low Tc (<400 • C) [41] . This result can be caused by the temperature variation [31] . Figure 4b shows the ARM decay curve of IJ 1 and ANY 2. Determination of grain size and magnetic domain in rocks with dominant magnetite content can be determined through the identification of MDF on the ARM decay curve [44] . Figure 4b shows that the MDF values of IJ 1 and ANY 2 were 23 and 15 mT, respectively, corresponding to grain sizes of 1 and 5 µm, respectively, for these samples, representing the pseudo-single domain (PSD) [44] . The magnetic domain of all samples was a PSD with a grain size of 0.6-14 µm (Table 2) .
These results correspond to the hysteresis parameter analysis. Table 2 also compares the magnetic hysteresis parameters (M rs /M s and H c /H c ) in all samples. The value was then plotted on the Day's Plot curve to find the type of magnetic domain ( Figure 6 ) [45] , and to confirm the results obtained through the ARM measurements. In general, the entire magnetic domain of the samples was included in the PSD (Figure 6 ).
The petrographic observation results correspond to the rock magnetic analysis. The magnetic susceptibility value (χ LF ) was proportional to the percentage of opaque minerals (Figure 7 ). Figure 7 shows that one of the factors affecting the χ LF value is the quantity of magnetic minerals. The nine samples from Ijen Crater and Mount Anyar could be divided into two groups: Group 1 (IJ 1, IJ 3, IJ 5, ANY 2, ANY 3, and ANY 4) had a χ LF value of 734.87-1085 × 10 -8 m 3 /kg, whereas the χ LF value of group 2 (IJ 2, IJ 4, and ANY 1) was 1669.63-1795.17 × 10 -8 m 3 /kg. In addition, the percentages of microlites of both groups were different. Group 1 has a greater percentage of microlites, at 44-50%, than Group 2, at 33-46% (Table S1 ). In addition to the quantity of magnetic minerals, the difference in magnetic mineral phase causes differences in the susceptibility of both groups. Magnetic minerals in Group 1 were predominantly Ti-rich titanomagnetite with a Tc value of approximately 350 • C, and little Fe-rich titanomagnetite with a Tc of 536-544 • C. The predominant magnetic mineral in Group 2 was Fe-rich titanomagnetite with a Tc of approximately 472 • C. The magnetic mineral phase difference in both groups was also supported by the differences in the IRM saturation curve pattern (Figure 4a ) and the SEM-EDS analysis. In general, the IRM saturation field in Group 1 was higher than 300 mT, whereas that in Group 2 was lower than 300 mT (Table 2 ). The crystallization process in an eruptive event can be different. For example, in a 2006 eruption, Preece et al. [46] recorded a variety of microlites' abundances and shapes in the dome of Merapi Volcano, Indonesia. They interpreted that these variations were caused by differences in the crystallization process, which may occur during ascent and dome residence. The present results suggest that a similar process may have occurred in the Ijen Crater lava flow 3 and Mount Anyar lava flow. In an eruptive event, crystallization occurred under different magma ascent and lava residence conditions. Higher undercooling and magma ascent leads to an increased nucleation rate, producing the abundant microlites in the samples, and vice versa [46, 47] . In addition, based on Zhou et al. [47] , higher undercooling leads to the formation of two phases of titanomagnetite (Fe-rich and Ti rich titanomagnetite). Meanwhile, the magnetization of magnetic mineral decreases with an increasing Ti content [48, 49] . The presence of Ti-rich titanomagnetite may decrease the susceptibility value. Even, Lauro et al. [50] showed that the weathered volcanic rock/soil on Mount Etna which contains titanoferous-magnetite was not magnetic.
The samples which had a similar χ LF value and microlites abundances (assuming that the samples were produced from the same crystallization process) had different percentages of opaque mineral groundmass and porosity (Table S1 ). The mineral size in lava determines the magma cooling rate. The faster the magma cooling, the smaller the size of the mineral formed. The percentage of porosity is strongly influenced by stress [51] . Little stress in the lava flow causes the porosity of igneous rock to increase. Cooling rate and stress at a lava layer are associated with a top-bottom position, known as the vertical stratigraphic position. At the top of the lava layer, magma cooling is faster, and the stress is smaller, thus the minerals formed are smaller with a higher porosity percentage, and vice versa.
In addition, the percentage of χ FD in the sample was different and proportional to the percentage of the opaque mineral groundmass and porosity. Figure 8 shows the plot between χ FD with the percentage of groundmass of opaque minerals and the percentage of porosity in some samples, which we estimate to be generated during the same crystallization process. The value of χ FD indicates the presence of SP in a rock sample [40, 52] . The high presence of SP grains is related to the fast magma/lava cooling process caused by being relatively near to the surface. Rapid magma cooling can form titanomagnetite-series minerals smaller than 1 µm [49] . This result shows that χ FD can be used to determine the vertical sample location (difference in the cooling rate). For example, the IJ 1, IJ 3, and IJ 5 samples were likely produced from the same crystallization process, but these samples have different χ FD values, percentages of groundmass of opaque mineral, and porosity (Table S1 ). The IJ 1 sample had a smaller χ FD , groundmass of opaque mineral, and porosity value than IJ 3 and IJ 5. Conversely, IJ 5 had the greatest value. The results show that IJ 5 was at the top of the layer, whereas IJ 1 was at the bottom. The difference in the vertical position of these samples was also observed from the hand specimen ( Figure 9 ). The IJ 1 porosity was much less than that of IJ 5. [53] . Figure 10 shows that the lava (extrusive igneous rock) and dyke (intrusive igneous rock) samples have similar rock magnetic characteristics. In addition, based on the value of χ LF , both the lava and dyke samples could be divided into two groups. Samples in the same group had different χ FD values. The difference in the χ LF and χ FD values for the dyke samples Co. Fermanagh, Northern Ireland was caused by the differences in the rock forming time and magma cooling rate [53] . This result corresponds to our results above. 
Conclusions
Lava from Ijen Crater (Il3) and Mount Anyar (Al) could generally be classified into basalt, basaltic andesite, and basaltic trachyandesite lithology with moderate-K calc-alkaline to high-K calc-alkaline magma series. The magnetic susceptibility of all samples was 734.870-1795.17 × 10 -8 m 3 /kg. The dominant magnetic mineral contained in the samples was Fe-rich titanomagnetite and Ti-rich titanomagnetite with a PSD magnetic domain. In some samples, we also found small amounts of SP minerals. Based on mass specific susceptibility (χ LF ), nine samples could be divided into two groups. They had differences in rock texture, quantity of magnetic mineral, and magnetic mineral phase. The differences in the samples' characteristics from the same eruption center can be caused by a difference in the crystallization process. Additionally, some samples which were produced from the same crystallization process had differences in χ FD , percentage of porosity, and groundmass of opaque mineral. The variation in these variables can be caused by the differences in the magma/lava cooling rate, which shows the vertical stratigraphic position of the samples in a lava layer. So, the analysis of this rock magnetic data supports the available geochemistry data, as well as the petrographic analysis data, when characterizing lava from Ijen Crater and Mount Anyar. Author Contributions: A.P., S.B., and M.A. conceived and designed the experiments; A.P. collected the samples; A.P. and N.A.S. performed the experiments; and A.P., S.B., and M.A. analyzed the data and wrote the paper.
